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ABSTRACT 

By combining photometry from the 2MASS Point Source Catalog and the USNO-Bl.O Catalog 
with optical and infrared spectroscopy, I have performed a search for young brown dwarfs in an area 
of 225 deg^ encompassing all of the Taurus star-forming region (r ~ 1 Myr). From this work, I 
have discovered 22 new members of Taurus, five of which were independently found by Guieu and 
coworkers. Sixteen of these new members have spectral types later than M6 and thus are likely to 
be brown dwarfs according to the theoretical evolutionary models of Chabrier and Baraffe. After 
adding these new members to the previously known members of Taurus, I have compared the spatial 
distributions of stars and brown dwarfs across the entire region. I find no statistically significant 
difference between these two distributions. Taurus does not contain the large, extended population 
of brown dwarfs that has been predicted by some embryo ejection models for the formation of brown 
dwarfs. However, these results are consistent with other ejection models, as well as models in which 
stars and brown dwarfs share a common formation mechanism. 

Subject headings: infrared: stars — stars: evolution — stars: formation — stars: low-mass, brown 
dwarfs — stars: luminosity function, mass function — stars: pre-main sequence 



1. INTRODUCTION 

Measuring the spatial distribution of a population of 
newly-formed stars can offer insight into the star forma- 
tion process. Because of its youth and low stellar den- 
sity, the stellar content within the Taurus- Auriga molec- 
ular cloud probably has undergone the least dynamical 
evolution of any nearby star-forming region, and there- 
fore is the best available site for measuring a primor- 
dial spatial distribution of young stars. Several studies 
over the last decade have taken advantage of this fact 
to address various aspects of star formation. For in- 
stance, measurements of the distribution of stars in Tau- 
rus have revealed effects of both binary for mation and the 
Jeans condition on clustering propertie s llCom ez et all 
1991 lLarsonllT995t iSimonI [l997: Nakaii ^met alJ 119981: 
Bate et al.lll998 f) while a comparison of the distributions 



of stars and molecular material in Taurus has constrained 
the velocity dispersion with which th e stars are born and 
the nature of cloud fragmentation (^Hartmannll2002|) . 

Measuring the spatial distribution of Taurus mem- 
bers as a function of mass is another potentially re- 
warding experiment. Several studies have suggested 
that brown dwarfs might form as protostellar sources 
whose accretion is prematurely halte d by e j ection from 
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multiple sy stems iRcipurth & Clar ke! 1200 li iBc 
Bate et al.ll2002t IPekado-Donate. Clarke, fc Bate 



Umbreit et al.l l2005j) . Some of these ejection mod 
els have predicted that newborn brown dwarfs could 
have high er velocity dispersions than their stellar coun- 
terpa rts ijReipurth fc Clark^ 120011: iKroupa fc Bouvieil 
12003'). If so, brown dwarfs would be more widely dis- 
tribu tcd than stars in star- forming regions. For instance, 
iKroupa fc Bouv icr (2003) favored an ejection model with 
a one-dimensional velocity dispersion of ~ 2 km s^^, 
which corresponds to an angular distance of 0?8 for an 
object traveling for 1 Myr at the distance of Taurus. 
Meanwhile, other models of ejection predict that stars 
and brown dwarfs should have similar spatial and veloc- 



ity distributions l)Bate et al.ll2003f) . 

Over time, surveys for substellar members of Tau- 
rus have encompassed larger areas surrounding the stel- 
lar aggregates. Some of these data have exhibited no 
statistically significant differences in the spatial distri- 
butions of the high- an d low-mass m embers of Taurus 
(jBriceno et al.l 12002: L uhmanI 12004b ) while other dat a 
have suggested a possible difference ( Cuieu et alJ l2006') . 
To search for an extended population of brown dwarfs 
beyond the previous survey fields and to measure the 
distribution of brown dwarfs in Taurus on the largest 
size scales, I have performed a survey for brown dwarfs 
across an area of 225 deg^ containing the entire Taurus 
star-forming region. In this paper, I describe the selec- 
tion of candidate substellar members of Taurus (§13) and 
the spectroscopy and classification of these candidates 
(§13 J evaluat e the comple t eness of this survey and the 
recent one bv lGuieu et al.l 1)20061) (§^, and use the re- 
sulting updated census of Taurus to perform a definitive 
comparison of the distributions of stars and brown dwarfs 
in this region (§|nil- 

2. SELECTION OF BROWN DWARF CANDIDATES 

Previous surveys for low-mass stars and brown dwarfs 
in the Taurus star-forming region have identified can- 
didates through color-magnitude and color-color di- 
agrams construct ed from optic a l and near-infrared 
(IR) photometry iLuhmanI 120001 l2004bl: iMartm et alJ 
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I200lt iBricefio et al.l 119981 l2002t iLuhman et all l2003at 
ilJl200d hereafter G06). Those optical data 
were obtained through dedicated imaging with wide- 
field cameras of areas ranging from 1 to 28 deg^. 
IR measurements for these optical fields were then 
taken from the Two-Micron All-Sky Survey (2MASS, 
iSkrutskie et"an 12006(1 . 2MASS is also the source of IR 
photometry for the survey in this work. However, as a 
substitute for optical CCD photometry, I use the pho- 
tometric measurements designated as the second epoch 
near-IR magnitude (or photographic /) in the USNO- 
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Bl.O Catalog (|Monet et alJl200'^ . which is referred to as 
12 in this work. By employing only all-sky catalogs, one 
can survey a field of any area and position. Therefore, I 
consider a field that is large enough to encompass all of 
the Taurus star-forming region, which I choose to center 
at a = 4'^36"^00^ S = 24°00'00" (J2000) with dimen- 
sions of 15° X 15°. The boundaries of this survey area 
correspond approximately to the boundaries of the maps 
in Figs. H] and la 

To develop criteria for identifying candidate substel- 
lar members of Taurus with data from the USNO 
and 2MASS catalogs, I used the 14 k nown members 
with sp ectral types later than M6^ from iLuhman et al.l 
(|2003aj) and prior studies that are resolved by 2MASS 
(excludes GG Tau Bb). Nine of these late- type mem- 
bers have measurements in 12, while the remaining five 
sources are below the detection limit. All of the known 
late-type members of Taurus have measurements in the 
2MASS catalog. The sources detected at 12 are shown in 
a diagram of H versus 12 — Kg in Figure 13 The ranges 
of colors and magnitudes that encompass these objects 
can be defined as 12 - > 3.8, 12 - > H - 9.75, 
and H > 10.75. I have performed a similar exercise with 
J — H versus H — Kg in Figure ^ where the 14 mem- 
bers later than M6 exhibit colors of 0.6 < J — H < 1.3, 
H-Ks > 0.35, &ndH-Ks > 0.73( J-7J-0.75)-h0.35. In 
addition, the objects with H > 13 have H — Kg > 0.45, 
and 12 of the 14 late-type members have photometric 
uncertainties less than 0.05 mag in all three bands of the 
2MASS data. 

To search for new late-type members of Taurus that 
are in the same range of masses and extinctions as the 
previously known ones, I applied all of the above crite- 
ria to the 2MASS Point Source Catalog and the USNO- 
Bl.O Catalog for the 225 deg^ field encompassing Tau- 
rus. For objects not detected in 12, only the criteria us- 
ing the 2MASS photometry were applied. This process 
produced 112 candidates. I rejected 21 candidates that 
appeared to be field s t ars ba s ed on color-in a gnitu de di- 
agrams from 'Luhman' ("2000^, 'Bricefio et al.' (I2002D . and 
iLuhman ( 2004b), six candidates identified and presented 
in the concurrent survey bv ILuhmanI (|20P4bj), and two 
candidates for which 12 was unavailable because of close 
proximity to a brighter star rather than a faint flux in 
that band. The remaining 83 candidates comprised the 
final sample. Luhman (2004b) presented spectroscopy of 
15 candidates, 7 of which were confirmed as members 
of Taurus^. Spectroscopy for the other 68 candidates is 
described in the next section. In § I classify 22 can- 
didates as Taurus members and 46 candidates as field 
stars. 

I also e xamin ed t he photometry from the surveys by 
ILuhmanI ()2000j) and iBriceno et alJ (j2002.} for candidate 
low-mass members of Taurus that have not been ob- 
served spectroscopically. In Figure the data from 

^ The hydrogen burning mass limit at ages of 0.5-3 Myr corre- 
sponds to a spectral type o f ~M6.25 accordin g to the models of 
IBar affc et al. (1998) and Chabri er et al.l 12003) and the tempera- 
ture scale of Luhman et al. 1 200 3b|) . 

^ iLuhmam t2004br) incorrectly stated that 17 candidates 
were selected with the methods described in this work, when 
in fact the number was 15; the two other candidates, 
2MASS 04185791-1- 2830520 and 043 05971-1-1804237. were selected 
from photometry in ILuhmanI 1200(1) . 



ILuhmanI ()2000() are shown in extinction-corrected dia- 
grams of I — Kg versus H and I — z' ver sus H, which wer e 
constructed in the manner described bv lLuhm'ai] ()2004aj) . 
I include with the data the boundary for separating po- 
tential members o f Taurus f rom pr obable field stars that 
was developed bv iL^ihmanl ()2004bf) . Several objects ap- 
pear above the boundaries of both diagrams, and thus are 
candidate members. Few undiscovered members are ex- 
pected to reside a mong the brigh t er ca ndidates {H < 12) 
since the survey of IBriceno et al.l (^1998) already searched 
those magnitude levels for the fields in question. How- 
ever, seven faint sources [H > 12) are above the bound- 
aries of both diagrams, and thus are candidate substel- 
lar members. I obtained spectra of these seven candi- 
dates, as w ell as two similar candidates from the data of 
IBriceno "et a l. (2002). These nine candidates are classi- 
fied as field stars in § 13 

In addition to the candidate members of Taurus iden- 
tified in this section, I selected for spectroscopy three 
known members that lack accurate spectral classifica- 
tions (IRAS 04370-f2559, IRAS 04166-f2706, CIDA 7), 
three m embers that were class i fied a s low-mass class I ob- 
jects by IMIE^HillinElMl inHl (IRAS 04158-1-2805, 
IRAS 04248-^2612, IRAS 04489-^3042), and nine new 
members from G06 (CFHT 5, 7, 11, 15-18, 20, 21). 

3. SPECTROSCOPY OF CANDIDATES 

3.1. Observations 

I performed spectroscopy on the 77 candidate Taurus 
members and the 15 known members that were selected 
in the previous section. Optical and near-IR spectra were 
obtained for 65 and 18 of the candidates and 14 and 4 
of the known members, respectively. Table ^ summa- 
rizes the observing runs and instrument configurations 
for these data. In Tables |21 and |31 1 indicate the night on 
which each object was observed. The procedures for the 
collection and reduction of the optical spectra with the 
MMT and Hobby-Ebe rly Telescope (H ET) were similar 
to those described by ILuhma nI i2004bl). Th e IR spec- 
tra obtained with SpeX (Ravne r et al.ll200^ at the In- 
frared Telescope Facility (IRTF) were reduced with the 
Spextool package ( Gushing. Vacca. & Ravner 2004) and 
corrected fo r tellu ric absorption with the method from 
iVacca et al.l (|2003). 

3.2. Spectral Classification 

To measure spectral types and assess membership in 
Taurus for the objects in my spectroscopic sample, I 
applied the optical and IR classification methods from 
my pr evious studies of Taurus and other star -forming re- 
gions iLuhmanlll999l l2004al: iLuhman et al.1l200,5t) . The 
spectral types are based predominantly on the absorp- 
tion bands of VO and TiO (A < 1.3 nm) and H2O 
(A > 1 ^m). When classifying objects that appear 
to be young, averages of spectra of dwarfs and giants 
are used as the sp ectroscopic standards at optical wave- 
lengths l|LuhmanllT999i) . For the IR spectra, optically- 
classified young objects are used as the standards, which 
ensures that the IR and optical types are on the same 
classification system. If dwarfs were instead used as the 
standards for classifying the IR spectra of Taurus mem- 
bers, the resulting spectral types would be systemati- 
cally later than those derived from the optical spectra 
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because the H2O absorption bands are stronger in pre- 
main- sequence sour ces than in field dwarfs at a given op- 
tical spectral type l|Luhman fc Riekdll999t iLucas et al.l 
|T001; McGovc rn et al.ll2004|) . To determine whether an 
object is a member of Taurus or a field star, I em- 
ploy the diagno stics describe d in my pr evious work (e.g., 
iLuhman et all l2003bl 120051 iLuhmanI l2004a|) . such as 
emission lines, IR excess emission, gravity-sensitive spec- 
tral features, and reddening. Only a few of the spectra 
have sufficiently high resolution and signal-to-noise for a 
reliable measurement of Li absorption, which is another 
indicator of youth. 

Based on the optical and IR spectra, I classify 55 can- 
didates as field stars and 22 candidates as members of 
Taurus. Five of the 22 new members (CFHT 9, 10, 12- 
14) were independently discovered in the recent survey by 
GOG. The identifications and photometry from 2MASS 
and the available spectral types for these field stars and 
new members are provided in Tables 13 and |21 respec- 
tively. Table 13 also includes the 15 previously known 
members that were observed spectroscopically, as well as 
the evidence of membership for each object. The spectra 
of the known and new members are presented in order of 
spectral type in Figs. I6I9I To facilitate the comparison 
of these spectra, they have been corrected for redden- 
ing (Jiuhman 2004a; Luhman ct al. 2005). The positions 
of the new members are indicated in a map of Taurus 
in Figure ^ Interestingly, one of the new brown dwarfs, 
2MASS 04221332-)-1934392, is only 4' from T Tau, which 
has only one other known young star within 2°. 

The studies cited above have provided many illustra- 
tions of the variations of the gravity-sensitive spectral 
features between dwarfs, giants, and pre-main-sequence 
objects that appear in the kind of optical and IR spec- 
tra obtained in this work. I present an additional il- 
lustration for the IR spectra by including in Figure 
the spectra of the candidates classified as late-type field 
dwarfs. In the field dwarfs, the ff-band continua ex- 
hibit broad plateaus, whereas the Taurus members are 
characterized by sharply peaked, triangular continua. 
This behavior has been observed in young late-type ob- 
jects in other star-f orming regions |Lucas et ai.fl200lt 
iLiihman et alJ l2004() and has been attributed to the 
dependence o f collision induced a bsorption on sur- 
face gravity ijKirkpatrick et aP l2006|) . A similar ef- 
fect is found in the if -band, although it is more sub- 
tle than at H. Another feature that varies noticeably 
in these IR spectra is the FeH absorption at .99 /im 
l|McGovern et all 120041: iKirkpatrick et al.ll2006j) . which 
is strong in the dwarfs and very weak or undetected in 
the young objects. 

3.3. Comments on Individual Sources 

In terms of the gravity-sensitive features, most of 
the candidates are well-matched to either known Tau- 
rus members or standard field dwarfs. The exceptions 
are 2MASS 04172478-^1634364, 04324813-f 2431063, and 
04203904-f 2355502. The IR spectrum of one of these 
objects, 2MASS 04172478+1634364, is compared to 
data for a Taurus member and a field dwarf in Fig- 
ure ^1 Both the FeH absorption and the shape of 
the H-hand continuum are intermediate between those 
of the comparison objects, which indicates an interme- 
diate surface gravity. The other two objects exhibit 



the same behavior, except that the FeH absorption of 
2MASS 04203904-^2355502 is dwarf-like. The gravity- 
sensitive lines at optical wavelengths are consistent with 
surface gravities lower than those exhibited by field 
dwarfs for these three sources. For instance, in addi- 
tion to the spectra of known members. Figure |H1 includes 
the optical spectra of 2MASS 04172478-1-1634364 and 
04324813-1-2431063, whose Na I and K I strengths are in- 
distinguishable from those of the Taurus members. Sim- 
ilarly, the third object, 2MASS 04203904-1-2355502, ex- 
hibits much weaker Na I than a standard field L dwarf 
l|Kirkpatrick et al.1ll997D . as shown in Figure ITTI These 
optical and IR data are consistent with ages older than 
Taurus (r > 2 Myr) and younger than typical field dwarfs 
(r < 1 Gyr). These three sources may represent low- 
mass members of the population of y oung field stars 
(r 100 Myr) that Bri cefio et alJ l)1997|) used to explain 
the wide-field distribution of X-ray sources in the direc- 
tion of Taurus. In this case, 2MASS 04203904+2355502 
could be a young field L dwarf like the one recently 
discovered bv fKirkpatr ick et al.l l|2006ri . Because of the 
uncertainty in their ages, it is unclear whether to use 
dwarfs, Taurus members, or stars at some other age 
as standards when measuring their spectral types. For 
2MASS 04172478+1634364 and 04324813+2431063, the 
use of dwarfs as standards produces late-M spectral 
types from the optical spectra and early L types from 
the IR data. Meanwhile, similar spectral types are de- 
rived from the two wavelength ranges when Taurus mem- 
bers are used as the standards. Therefore, I adopt 
the latter types for the purposes of this work. For 
2MASS 04203904+2355502, both the optical and IR 
spectra are consistent with the same type of LI when 
compared to dwarf standards, which is adopted here. 

In addition to candidate members of Taurus, several 
previously known members were included in my spec- 
troscopic sample. I briefly comment on the spectra 
of three of these known members, IRAS 04158+2805, 
IRAS 04248+2612, and IRAS 04489+3042, which 
were classified as possible class I brown dwarfs by 
[White & Hillenbrand (2004). The optical spectra of 
these objects have strong emission in Ha, Ca II, and 
other permitted and forbidden lines. For all three 
sources, both the optical (0.6-0.9 /xm) and near-IR (0.75- 
2.5 /im) spectra exhibit increasing excess emission with 
decreasing wavelength at A < 1 /im when compared 
to the classification standards. Long wavelength ex- 
cess emission at >2 fim is also apparent in the data 
for IRAS 04158+2805. In Figure [12 the blue and 
red excesses for this star are revealed by a comparison 
to another Taurus member at the same spectral type, 
V410 Anon 13. To avoid veiling by excess emission, the 
spectral types for these stars are primarily based on fea- 
tures at A > 0.8 /im and A = 1-2 /im in the optical 
and near-IR spectra, respectively. For each of the three 
objects, the optical and near-IR spectra produce similar 
spectral types. However, the optical spectra imply much 
lower extinctions (AAy = 5-15) than the IR spectra, 
which is probably caused by the blue excess emission. 
The spectral types measured here for IRAS 04158+2805, 
IRAS 04248+2612, and I RAS 04489+3042 are earlie r 
than the ones reported by White & Hillenbrand ( 2004), 
but the two sets of classifications are consistent within 
the uncertainties. The combination of my spectral types. 
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the temperature scale of iLuhman et al.l ()2003tl), and 
the evolutiona r y mo dels of Baraffc ct al. (1998) and 
iChabrier et alJ l)200Cl() suggest that these three class I 
sources are low-mass stars rather than brown dwarfs. 

4. SURVEY COMPLETENESS 

All of the fields in Taurus that have been previously 
searched for new low-mass members are encompassed by 
the 225 deg^ area considered in this work. Thus, the 
completeness of the various surveys can be investigated in 
a straightforward manner by comparing the lists of late- 
type objects discovered in each survey. In this section, I 
focus on the completeness of my survey and the recent 
28 deg^ survey by G06. 

I first examine the completeness of my USN0/2MASS 
survey for the population that was targeted, namely 
Taurus members with spectral types of >M6. In this 
discussion, I include the initial sample of members 
found in this survey that was reported in iLuhmanI 
(|2004b) . As mentioned in §|21 two of the 14 pre viously 
known late- type members of Taurus from .Luhman et al.l 
l|2003a(l and prior studies, KPNO 9 (8.5) and KPNO 12 
(M9), have 2MASS photometric uncertainties that are 
greater than the thresholds I adopted for selecting can- 
didates. Three of the six new mem bers at >M6 that 
were found in the CCD survey by ILuhmanI l)2004bD 
did not satisfy the criteria for the USN0/2MASS sur- 
vey because ITG2 (M7.25) is slightly too bright at 
iJ, 2MASS 04552333+3027366 (M6.25) is too blue in 
12- K,, and 2MASS 04574903-1-3015195 (M9.25) has 
photometric uncertainties that are too large. Among the 
6 new members from G06 that I classify as >M6, three 
objects were not found in my survey because two of them 
are slightly too faint (CFHT 15, 16) and one is too red 
in J — if (CFHT 5), and thus is outside of the extinction 
range considered here. These results suggest that my sur- 
vey has a completeness of ^ 75% for Taurus members at 
>M6, <M9, and Ay < 4. The completeness would have 
been > 90% if I had selected a slightly brighter limit at 
H and slightly larger thresholds for the 2MASS photo- 
metric uncertainties (e.g., 0.06 mag instead of 0.05 mag). 

Before discussing the compl eteness of the wide-field 
survey by iMartin et alJ 1)200 ID and G06, I summarize 
its results and place it i n the context of other surveys 
of Taurus. iMartfn et al.l l|2001f l obtained spectra of can- 
didate low-mass members appearing in an initial set of 
images covering 3.6 deg^, resulting in the discovery of 
four new members (CFHT 1-4). G06 then presented the 
results of their full survey of several fields encompassing 
a total area of 28 deg^ . After applying their selection cri- 
teria for identifying candidate low- mass members, they 
recovered 17 previously known members of Taurus. G06 
performed spectroscopy on eight of these known members 
and treated two of them as new discov eries (CFHT 6 an d 
8) , which had been found earlier by ILuhmanI l)2004bt) . 
Through spectroscopy of a large sample of candidates, 
G06 discovered an additional 15 new members. Five of 
those new objects have been independently found in this 
work (CFHT 9, 10, 12-14). Among the other 10 new 
members, six objects were not found in my survey be- 
cause they have spectral types of <M6 according to my 
classifications, and thus are outside of the range of spec- 
tral types for which my search criteria were designed. 
The one new member from G06 that was not included 



in my spectroscopic sample, CFHT 19, also has a type 
earlier than M6 according to G06. The other three new 
CFHT sources that were not found in my survey were dis- 
cussed earlier in this section. Using their spectroscopy, 
G06 classified 12 of their 17 new members as >M6, and 
thus likely to be substellar. In comparison, the spectral 
types measured in this work for those sources are earlier 
than the classifications from G06 by an average of 0.5 
subclass. As a result, I find that only 6/17 of the CFHT 
sources from G06 are later than M6. 

I now evaluate the completeness of the survey by 
G06. They identified 47 objects with photometry in- 
dicative of Taurus members with spectral types of >M4. 
These source s inclu ded the four members presented by 
IMartfn et al.l ([2001') and 17 previously known members. 
G06 obtained spectra of 20 of the 26 remaining candi- 
dates, which included all of the candidates at >M6. As 
a result, they reported a completeness of 41/47, or 87%, 
for Taurus members at >M4 and a completeness of 100% 
for candidates at >M6, both for M > 0.03 M©, Ay < 4, 
and ages of r < 10 Myr. However, these percentages 
do not fully characterize completeness because they did 
not account for the completeness of the candidate list 
itself, or the percentage of members that were identified 
as candidates, which G06 did not estimate. As a simple 
test of their completeness, I have investigated whether 
any known members of Taurus with spectral types of 
>M4 are within their survey fields but not recovered by 
their selecti on criteria. From pub l ished membership lists 
for Taurus ('Herbig & Bell" "igSS"; 'Strom & Strom' ^1994 
Kenvon & Hartmann 1995; Briceiio et al. 1998, 199a 
2002; Martin 2000; Martin ct al. 2001; Luhma n fc Riekg 
HM; ..Luhman et al.. .^OOSa: .Luhman. ,.2004b(l . I have 
identified 38 such sources: MHO 4-9, V927 Tau, 
RXJ04467-H2459, CIDA 1, 2 and 7, Jl-507, Jl- 
665, Jl-4423, IRAS 042484-2612 and 04158-1-2805, 
LkCa 1, V410 X-ray 1, 3, 4, 5a, and 6, FQ Tau, 
2MASS 04161210-1-2756385, 04213459-f 2701388, 
04403979-K2519061, 04141188+2811535, and 

04414825+2534304, KPNO 8, 13 and 14, UX Tau C, 
Haro 6-32, FN Tau, GG Tau Ba, FW Tau, CM Tau, 
and ITG 2. Seven sources of this kind are also present 
among the new members discovered in this work: 
2MASS 04263055+2443558, 04334291+2526470, 
04320329+2528078, 04322329+2403013, 
04311907+2335047, 04215450+2652315, 
04295422+1754041. Among these 45 members, 34 
and 11 have spectral types of M4-M6 and >M6, 
respectively. In c omparison, the total sample of mem- 
bers recovered by IMartm et al.l l|2001|l and G06 (both 
previously known and new ones) consisted of 17 and 
19 objects in those spectral type ranges. Thus, the 
completeness of G06 was at best 17/51 (33%) and 19/30 
(63%) at M4-M6 and >M6. The true completeness at 
M4-M6 is probably lower because neither G06 nor any 
other survey has demonstrated that the known census 
of members in this range of spectral types is complete 
for the area considered by G06. On the other hand, 
their completeness at >M6 may not be much lower than 
the upper limit computed here given that my survey 
was designed to find members of this kind, and has a 
reasonably high level of completeness for M6-M9 and 
Av < 4, as shown earlier in this section. 

The reason for the high level of incompleteness in the 
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survey by G06 is explored in Figure [TSl which compares 
J versus J — H ioi the 36 recovered members and the 
45 missed members. All but one of the missed members 
span a range of colors that is similar to, or even smaller 
on average than, the recovered members, indicating that 
the former objects were not missed because of higher ex- 
tinction. Instead, the missed members are systematically 
brighter than the recovered members, and thus may have 
been saturated in the images of GOG and consequently 
overlooked. 

5. SPATIAL DISTRIBUTION OF BROWN DWARFS 

My 225 deg^ survey of Taurus was designed to identify 
members in the same ranges of spectral types (M6-M9) 
and extinctions (Ay < 4) as exhibited by the previously 
known late-type members that were found in surveys of 
smaller fields. As shown in the previous section, the com- 
pleteness of this survey is not 100% for those ranges of 
types and extinctions, but it appears to be high enough 
that the combination of the new members that I have 
found and the previously known members should com- 
prise an accurate representation of the substellar popu- 
lation of Taurus that is unbiased with position. In this 
section, I examine the spatial distribution of that popu- 
lation. 

A map of the positions of all known members of Tau- 
rus is shown in Figure where the objects with spectral 
types of <M6 (M > 0.1 Mq) and >M6 (M < 0.08 M©) 
are plotted with different symbols. A large, extended 
population of brown dwarfs between the stellar aggre- 
gates does not exist. Instead, the spatial distribution of 
brown dwarfs in Taurus closely resembles that of the stel- 
lar members, which is consistent with previous s urveys of 
smaller areas ()Bricefio et al.ll2002t ir?rhmanll200 4b. G06). 

To search for subtle differences in the distributions 
of stars and brown dwarfs in Taurus in their surveyed 
fields, G06 computed the number ratio of brown dwarfs 
to stars for areas of varying radii from the stellar aggre- 
gates, which is quantified as 7^l = A^(0.02 < M/M© < 
0.08)/A^(0.08 < M/Mq < 10) (IBricefio et alJ l2?m 
They found that this ratio increased with radii. For in- 
stance, GOG measured = 0.23 for their full survey 
area, whereas iLuhmarJ l)2004bj) reported a value of 0.18 
for smaller fields surrounding some of the aggregates. 
G06 presented these results as evidence for differences 
in the spatial distributions of stars and brown dwarfs in 
Taurus. However, as discussed in §0] the spectral types 
reported by G06 for the CFHT sources are systematically 
later than the ones that I measured for those objects. If 
my spectral types are adopted instead, which are based 
on the classification system used for mos t of the pre- 
viously known late-type members pjriceno et alJ 120021: 
iLuhman et al] l2003at iLuhmanl l2004h|) . then six CFHT 
objects become stars rather than brown dwarfs (<M6, 
CFHT 7-12) and the ratio computed by G06 becomes 
0.17, which is consistent with the value for the smaller 
fields. In other words, the apparent increase in TZi with 
radius reported by GOG was simply a refiection of differ- 
ences in the spectral classification systems used for their 
(outer) CFHT sources and the (inner) previously known 
members. However, even if the measurement of TZi by 
GOG is revised to use my spectral types for the CFHT 
sources, it still may not accurately represent the Taurus 
population because, as shown in the previous section, 



their survey was significantly incomplete for members at 
>M4, which applies to both the numerator and denomi- 
nator in TZi and thus precludes a meaningful ratio. 

Although the combination of previous surveys and 
the one in this work provide a census of brown dwarfs 
that has fairly high completeness for MG-M9 and Ay < 
4 across all of Taurus, I do not attempt to measure 
TZi for the entire star-forming region because no study 
has quantified the completeness of the known census 
of low-mass s tars (M2-M6) for this area. This issue 
was raised bv ILuhm an ( 2 004h) . who pointed out that 
the faint limits of the wide-field X-ray and Ha sur- 
veys (~M4) do not clearly overlap with the bright lim- 
its of deep CCD surveys, which range from M4 to MG 
lIBricefio et aLlllQQSl 12002 ILuhmanl 1200(1 12004b[ GOG). 
For instance, one of the objects found in my survey, 
2MASS 041G1885-H2 752155^ (MG.25 ) is w ithin one of 
the fields observed bv IBricefio et al.l l|2002|) . but was not 
found in that study because it was saturated. Paradox- 
ically, the membership of Taurus now is probably more 
complete for brown dwarfs than for low-mass stars be- 
cause the latter have been too faint for X-ray surveys, 
frequently saturated in CCD surveys, and not easily dis- 
tinguished from background field stars in USNO and 
2MASS data. 

As demonstrated above, a comparison of a ratio like TZi 
with position (or with any other parameter) is sensitive 
to incompleteness and differences in spectral classifica- 
tion systems. To avoid the latter effect, one can exam- 
ine the spatial distributions of stars and brown dwarfs 
in terms of the angular distances to the nearest stellar 
neighbors instead of TZi . Changing classification systems 
is equivalent to changing the boundary between the two 
samples in TZi , which in turn will change quickly because 
the numerator and denominator are anti-correlated. In 
contrast, a sensitivity of this kind is not present in the 
distribution of neighbor distances because changing the 
boundary simply removes a few objects from one aver- 
age and adds them to the other average. To mitigate 
the effect of incompleteness on the distribution of near- 
est neighbor distances, I exclude the range of spectral 
types that has an uncertain level of completeness, namely 
M2-MG. I have computed the distribution of nearest 
neighbor distances for the entire Taurus star-forming re- 
gion by using the census of Taurus that combines the 
previously known members with the new ones found in 
this work. I consider only members with measured spec- 
tral types, which has the effect of excluding most of the 
Class and I sources. To measure the spatial distribu- 
tions of unrelated members of Taurus, the clustering of 
members of multiple systems should be avoided in this 
experiment. Therefore, neighboring members wi th sep- 
arati ons less than 1' are treated as one object ( LarsonI 
IHn^). The resuhing samples at <M2 and >MG con- 
tain 101 and 40 sources, respectively. As shown in Fig- 
ure^] these two samples exhibit similar distributions of 
distances to the nearest stellar neighbor at <M2. A two- 
sided Kolmogorov-Smirnov test of the two distributions 
indicates a probability of > 33% that they are drawn 
from the same parent distribution, and thus I find no 
statistically significant difference between the spatial dis- 
tributions of stars and brown dwarfs in Taurus. I arrive 
at the same result if a different boundary for the hydro- 
gen burning mass limit is adopted, such as M5 or M7, 
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or if I ignore the potential incompleteness at M2-M6 and 
include these members in the stellar sample (Figure 
For their survey area, GOG also found no significant dif- 
ference between the distributions of nearest neighbor dis- 
tances for members at <M6 and >M6. 

6. CONCLUSIONS 

To measure the spatial distribution of substellar mem- 
bers of Taurus, I have performed a search for brown 
dwarfs across the entire star-forming region. The results 
of this work can be summarized as follows: 

1. Through analysis of photometry from the 2MASS 
and USNO-Bl.O catalogs for an area of 225 deg^ 
encompassing Taurus, I have identified 83 po- 
tential substellar members of the region. Spec- 
tro scopy wa s perfor med on 15 of these candidates 
bv iLuhmanI l)2004bf) . who classified seven of them 
as new members. Among the 68 remaining can- 
didates observed in this work, I have identified 22 
new members, five of which were independently dis- 
covered by G06. Sixteen of these 22 objects have 
spectral types later than M6 and thus are likely 
to be brown dwarfs ac cording to the theoretical 
evolutionary models of iBaraffe et al.l l)1998j) and 
IChabrier et al. (2000) an d the temperature scale 
of iLuhman et alJ l|2003b|) . 

2. Among the candidates classified as non-members, 
three objects have late spectral types (M8-L1) 
and spectral features that are suggestive of surface 
gravities between those of Taurus members and 
typical field dwarfs. I speculate that these objects 
could be young members of the field (r ^ 100 Myr). 

3. Using the low-mass Taurus members found in pre- 
vious surveys, I estimate that my survey has a com- 
pleteness of ~ 75% for members with spectral types 
of >M6 to M9 and extinctions of Ay < 4. The 
same type of analysis demonstrates that the com- 
pleteness of the recent survey by G06 is < 63% for 
this range of types. 

4. G06 concluded that the abundance of brown dwarfs 
relative to stars varies with distance from the stel- 
lar aggregates in Taurus. I find that this apparent 
variation is a reflection of differences in the spectral 
classification systems used for low-mass members 
inside and outside of the aggregates. No variation 
is evident when spectral types for all objects are 



adopted from the same system. Furthermore, a re- 
liable measurement of the relative numbers of stars 
and brown dwarfs as a function of position in Tau- 
rus is currently not possible because the available 
census of Taurus members has an unknown level 
of completeness for low-mass stars (M2-M6, 0.1- 
0.6 Mq) for most of the region. 

5. After updating the census of Taurus members with 
the new objects discovered in this work, I find that 
the spatial distribution of brown dwarfs closely fol- 
lows that of the stars. An extended population of 
brown dwarfs outside of the stellar aggregates is 
not present. These results are consistent with a 
common for mation mechanism for stars and brown 
dwarfs (e.g., iPadoan fc Nordluncill2004D and wit h 
some models for embryo ejection llBate et al.l2n03j) , 
but not others ijKrouna fc Bouvieill2003() . 



This work was supported by grant NAG5-11627 from 
the NASA Long-Term Space Astrophysics program and 
was based on observations performed at the MMT Ob- 
servatory, the IRTF, and the HET. The IRTF is op- 
erated by the University of Hawaii under Cooperative 
Agreement no. NCC 5-538 with the National Aeronau- 
tics and Space Administration, Office of Space Science, 
Planetary Astronomy Program. The HET is a joint 
project of the University of Texas at Austin, the Penn- 
sylvania State University, Stanford University, Ludwig- 
Maximillians-Universitat Miinchen, and Georg-August- 
Universitat Gottingen. The HET is named in honor of 
its principal benefactors, William P. Hobby and Robert 
E. Ebcrly. The Marcario Low-Resolution Spectrograph 
at HET is named for Mike Marcario of High Lonesome 
Optics, who fabricated several optics for the instrument 
but died before its completion; it is a joint project of the 
Hobby-Eberly Telescope partnership and the Instituto 
dc Astronomi'a de la Universidad Nacional Autonoma de 
Mexico. This publication makes use of data products 
from the USNOFS Image and Catalog Archive operated 
by the United States Naval Observatory, Flagstaff Sta- 
tion, and the Two Micron All Sky Survey, which is a 
joint project of the University of Massachusetts and the 
Infrared Processing and Analysis Center/California In- 
stitute of Technology, funded by the National Aeronau- 
tics and Space Administration and the National Science 
Foundation. 



REFERENCES 



Baraffe, I., Chabrier, G., AUard, F., & Hauschildt, P. H. 1998, 
A&A, 337, 403 

Bate, M. R., Clarke, C. J., & McCaughrean, M. J. 1998, MNRAS, 
297, 1163 

Bate, M. R., Bonnell, I. A., & Bromm, V. 2002, MNRAS, 332, L65 
Bate, M. R., Bonnell, I. A., & Bromm, V. 2003, MNRAS, 339, 577 
Boss, A. 2001, ApJ, 551, L167 

Briceno, C, Hartmann, L., StaufTer, J., Gagne, M. Stern, R. A., & 

Caillault, J.-P. 1997, AJ, 113, 740 
Briceno, C, Hartmann, L., StaufTer, J., & Martin, E. L., 1998, AJ, 

115, 2074 

Briceno, C, Calvet, N., Kenyon, S., & Hartmann, L. 1999, AJ, 118, 
1354 

Bricerio, C, Luhman, K. L., Hartmann, L., StaufTer, J. R., & 
Kirkpatrick, J. D. 2002, ApJ, 580, 317 



Chabrier, C, BarafTe, I. AUard, F., & Hauschildt, P. H. 2000, ApJ, 
542, 464 

Cushing, M. C, Vacca, W. D., & Rayner, J. T. 2004, PASP, 116, 
362 

Delgado-Donate, E. J., Clarke, C. J., & Bate, M. R. 2003, MNRAS, 
342, 926 

Dobashi, K., Uehara, H., Kandori, R., Sakurai, T., Kaiden, M., 

Umemoto, T., & Sato, F. 2005, PASJ, 57, 1 
Gomez, M., Hartmann, L., Kenyon, S. J., & Hcwett, R. 1993, AJ, 

105, 1927 

Guieu, S., Dougados, C, Monin, J.-L., Magnier, E. & Martin, E. 

L. 2006, A&A, 446, 485 (G06) 
Hartmann, L. 2002, ApJ, 578, 914 

Herbig, G. H., & Bell, K. R. 1988, Lick Obs. Bull. Ser., No. 1111 
Kenyon, S. J., & Hartmann, L. 1995, ApJS, 101, 117 



Brown Dwarfs in Taurus 



7 



Kenyon, S. J., Brown, D. I., Tout, C. A., & Bcrlind, P. 1998, AJ, 
115, 2491 

Kirkpatrick, J. D., Henry, T. J., & Irwin, M. J. 1997, AJ, 113, 1421 
Kirkpatrick, J. D., et al. 1999, ApJ, 519, 802 
Kirkpatrick, J. D., et al. 2006, ApJ, in press 
Kroupa, P., & Bouvier, J. 2003, MNRAS, 346, 369 
Larson, R. B. 1995, MNRAS, 272, 213 

Lucas, P. W., Roche, P. F., AUard, F., & Hauschildt, P. H. 2001, 

MNRAS, 326, 695 
Luhman, K. L. 1999, ApJ, 525, 466 
Luhman, K. L. 2000, ApJ, 544, 1044 
Luhman, K. L. 2004a, ApJ, 602, 816 
Luhman, K. L. 2004b, ApJ, 617, 1216 
Luhman, K. L., & Rickc, G. H. 1998, ApJ, 497, 354 
Luhman, K. L., & Rickc, G. H. 1999, ApJ, 525, 440 
Luhman, K. L., Briccno, C, StaufTcr, J. R., Hartmann, L., Barrado 

y Navascucs, D., & Nelson, C. 2003a, ApJ, 590, 348 
Luhman, K. L., StaufTcr, J. R., Mucnch, A. A., Rickc, G. H., Lada, 

E. A., Bouvier, J., & Lada, C. J. 2003b, ApJ, 593, 1093 
Luhman, K. L., Peterson, D. E., & Mcgcath, S. T. 2004, ApJ, 617, 

565 

Luhman, K. L., Lada, E. A., Muench, A. A., & Elston, R. J. 2005, 
ApJ, 618, 810 



Luhman, K. L., McLcod, K. K., & Goldenson, N. 2005, ApJ, 623, 
1141 

Martin, E. L. 2000, AJ, 120, 2114 

Maxtm, E. L., Dougados, C, Magnier, E., Menard, F., Magajzzii, 
A., Cuilandrc, J.-C, & Delfosse, X. 2001, ApJ, 561, L195 

McGovern, M. R., Kirkpatrick, J. D., McLean, L S., Burgasser, A. 
J., Prato, L., & Lowrance, P. J. 2004, ApJ, 600, 1020 

Monet, D. G., et aL 2003, AJ, 125, 984 

Nalcajima, Y., Tachihara, K., Hanawa, T., & NaJjano, M. 1998, 

ApJ, 497, 721 
Padoan, P., & Nordlund, A. 2004, ApJ, 617, 559 
Rayner, J. T., et al. 2003, PASP, 115, 362 
Reipurth, B. & Clarke, C. 2001, AJ, 122, 432 
Simon, M. 1997, ApJ, 482, L81 
Skrutskic, M. F., ct al. 2006, AJ, 131, 1163 
Strom, K. M., & Strom, S. E. 1994, ApJ, 424, 237 
Umbreit, S., Burkcrt, A., Henning, T., Mikkola, S., & Spurzem, R. 

2005, ApJ, 623, 940 
Vacca, W. D., Gushing, M. C., & Rayner J. T., 2003, PASP, 115, 

389 

White, R. J., & Hillenbrand, L. A. 2004, ApJ, 616, 998 



8 



Luhman 



TABLE 1 
Observing Log 



A 



Night 


Date 


Telescope + Instrument 


Disperser 


{^lm.) 


A/AA 


1 


2004 Nov 12 


IRTF - 


H SpeX 


prism 


0.8-2.5 


100 


2 


2004 Nov 13 


IRTF - 


f- SpeX 


prism 


0.8-2.5 


100 


3 


2004 Dec 10 


MMT - 


i- Blue Channel 


600 grating 


0.63-0.89 


2900 


4 


2004 Dec 11 


MMT - 


i- Blue Channel 


600 grating 


0.63-0.89 


2900 


5 


2004 Dec 12 


MMT - 


i- Blue Channel 


600 grating 


0.63-0.89 


2900 


6 


2005 Sep 25 


HET 4 


LRS 


G3 grism 


0.63-0.91 


1100 


7 


2005 Sep 27 


HET 4 


LRS 


G3 grism 


0.63-0.91 


1100 


8 


2005 Oct 21 


HET 4 


LRS 


G3 grism 


0.63-0.91 


1100 


9 


2005 Dec 12 


IRTF + SpeX 


prism 


0.8-2.5 


100 


10 


2005 Dec 13 


IRTF + SpeX 


prism 


0.8-2.5 


100 
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TABLE 2 
Field Stars 



2MASS=' 


Spectral Type 


J 






a 


Night 


J04095207+2821399 


M4V 


0.79 


0.53 


13. 


86 


4 


J04111034+2830379 


<M0 


1.00 


0.63 


13. 


50 


4 


J041 14008+2834024 


<G0 


0.72 


0.35 


11. 


99 


4 


J04122245+2827470 


<K0 


0.97 


0.52 


13. 


18 


4 


J04125785+2556088 


M8V 


0.73 


0.46 


13. 


73 


5 


J04143306+303341 1 


M8-M9V(op,IR) 


0.68 


0.47 


13. 


80 


5,10 


J04151433+2840321 


MIV 


0.86 


0.46 


13. 


61 


5 


J04153235+2908447 


M4V 


1.01 


0.54 


13. 


67 


4 


J04172402+2837197 


M3.5V 


1.01 


0.65 


13. 


34 


5 


J04172478+1634364 


M8.5(op,IR)'^ 


0.73 


0.53 


12. 


90 


2,3 


J04173180+2849444 


M4.75V 


0.88 


0.46 


13. 


69 


5 


J04175041+2814403'= 


<M0 


1.48 


0.86 


14. 


47 


2 


J04184416+2831533'= 


<M0 


1.15 


0.61 


15. 


40 


2 


J04202573+2513013 


M3.25V 


0.91 


0.47 


12. 


57 


5 


J04203904+2355502 


Ll(op,IR)'' 


0.85 


0.59 


13. 


50 


5,10 


J04214004+2853048 


M3V 


1.19 


0.70 


12. 


55 


4 


J04220170+2653225 


<K0 


0.97 


0.52 


13. 


31 


5 


J04230586+2345204 


<M0 


1.11 


0.66 


13. 


31 


5 


J04251784+2641211 


M3.5V 


0.89 


0.59 


13. 


80 


5 


J04260704+2430070 


<K0 


0.99 


0.53 


13. 


33 


5 


J04271561+1850364 


<K0 


0.84 


0.42 


12 


.35 


5 


J04272913+1854245 


<K0 


0.96 


0.52 


12 


.93 


5 


J04273708+2056389 


M5.75V 


0.63 


0.38 


12 


.07 


5 


J04284746+1837356 


M2.5V 


0.99 


0.59 


13 


.52 


5 


J04304017+ 2409526 


<M0 


0.89 


0.50 


13 


.35 


4 


J04310604+2409588 


<M0 


0.97 


0.51 


12 


.98 


4 


J04314195+2431268'^ 


<M0 


1.68 


0.91 


13 


.45 


10 


J04320000+2406343 


M2.25V 


0.96 


0.51 


13 


.81 


4 


J 04320865+2418583 


<M0 


1.00 


0.81 


15 


.15 


2 


JU4ozzy4 ( +z4zDi I 4 


<iViU 




U.O ( 


1 K 

io 


.U4 


iU 


104324813+2431063^^ 


M8.25(op),M8(IR) 


0.60 


0.66 


14 


.74 


2,4 


104330831+2413195^^ 


L1-L3V 


0.71 


0.63 


15 


.40 


2 


J04331906+2343035 


M3.75V 


0.70 


0.47 


13 


.32 


4 


J04332359+2650191 


<M0 


0.93 


0.50 


12 


.85 


3 


J04333296+2506587 


M3.25V 


0.98 


0.62 


13 


.61 


4 


104335918+2552238^^ 


M4V 


0.73 


0.74 


14 


.94 


2 


J04341763+2251297 


<M0 


0.94 


0.50 


13 


.43 


3 


J04344356+1638484 


M2.5V 


0.71 


0.48 


13 


.59 


3 


J04344701+1652593 


M4.5V 


0.64 


0.52 


13 


.91 


4 


J04351796+2408105 


<K0 


0.88 


0.45 


11 


.66 


4 


104352837+2410004^^ 


<M0 


0.90 


0.74 


15 


.23 


2 


J04404725+2501121 


M4V 


1.08 


0.63 


13 


.35 


5 


J04440270+2515065 


M3.25V 


0.83 


0.49 


13 


.58 


5 


J04470883+2921026 


M7.5V 


0.67 


0.46 


13 


.60 


5 


J04474757+2819165 


L2-L3V 


1.05 


0.77 


13 


.29 


2 


J04480068+1710115 


<K0 


0.79 


0.38 


11 


.90 


4 


J04481381+2559399 


MIV 


0.85 


0.47 


13 


.52 


4 


J04482244+2051433 


M6V 


0.62 


0.41 


12 


.28 


4 


J04483627+2541137 


<K0 


0.74 


0.36 


12 


.59 


4 


J04490477+2535229 


M5V 


0.89 


0.53 


13 


.11 


5 


J04490506+1703513 


M4V 


0.68 


0.35 


12 


.40 


5 


J04503796+2624466 


M3.5V 


0.71 


0.48 


13 


.76 


5 


J04523836+2708423 


M3.25V 


0.82 


0.46 


13 


.83 


5 


J04554336+2812523 


M8V 


0.60 


0.48 


13 


.71 


5 


J04555897+2140007 


M8-9V 


0.67 


0.51 


12 


.93 


2 



'^2MASS Point Source Catalog. 

''Spectral features suggest a su rfac e gr avit y intermediate between those of Taurus 
members and field dwarfs (Figs. [T77l and [m . 

Selected from photometry in Luhman (2000) (Figure l5t. 
'^Selected from photometry in iBricefio ct al. t.2002.1 . 
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TABLE 3 

Members of Taurus 













— ; — 

Membership 










2MASS^ 


Other Names 


Spectral Type^ 


Ref 


Evidence'^ 


J - H'^ 


H - Ks"^ 




Night 


Previously Known Members 


















JU4iy5olo+z8izZv)4 


TT> AO O /I 1 cr o 

IHAb U4i58- 




M'^ K? M'^ MR 






1.43 


1.17 


11.18 


1 3 










4 












J04194148+2716070 


IRAS 04166- 


L07n(^ 


<M0 


4 




1.30 


0.79 


12.62 


5 


J04221675+2654570 


CFHT 21 




Ml 9"^ Ml M9 


5 4 




1.54 


1.03 


9.01 


g 


J04274538+2357243 


CFHT 15 




MR 9^^ 


c; 4 


NaK 


n 70 
u. / u 


c^c; 


-Lo.uy 


a 
u 


J04275730+2619183 


IRAS 04248- 


h2612 


A/T9 A/T^ ^ 

iVl Z , iVl O . O ; 




e,ex,NaK,A\/ 


1 44 


n 77 


1 ±.uo 


1 

1,0 








M4.5(op),M4.75{IR) 


4 












J04292165+2701259 


IRAS 04263- 


|-2Do4,Or Hi io 


M6,M5.25 


5,4 


Av,NaK 


1.30 


0.77 


8.72 


6 


J04295950+2433078 


CFHT 20 




M5.5,M5 


5,4 


e,yly ,NaK 


1.15 


0.73 


9.81 


8 


JU43U23D5+235yi29 


Orrli lb 




lVlo.0,lVic5..Z0 


/I 

0,4 


IN aiv 


n 70 


n c;c: 


1 Q 7n 
io. / U 


D 


Ju4v)zl7oD+z4z2i4y 


Oi'Hi 7 




iV10.0,lViO. ( 


0,4 


IN aiv 


n 7c; 


U.4i 


iU.Oo 






TO/ioop^oo/^ 1 ojoo"i 1 r* 

JU432502d+2422115 


CI H 1 5 




iVl / . 


0,4 


/i^ ,iN ax\.,rl2 W 


1 74 
1.(4 


u.y4 


1 1 9S 

1 i.Zo 


Q 

y 


J04350850+2311398 


CFHT 11 




iVlD. ( 0,iV10 


0,4 


IN aiv 


n c;o 


U.OO 


11. oy 


7 


T r\ A A f\r\~i ^ A 1 or'r'/^o/^o 

JU44UU174+255d292 


ClHl 17 




A/rc: 7c: A/rc: c: 


0,4 


,iN aiv 


1 c:q 
i.OO 


U.OO 


1 n 7fi 

lU. / 





J04400800+2605253 


IRAS 04370- 


h2559 




4 




2 16 


-i-.OO 


0.0 / 
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^2MASS Point Source Catalog. 

^Uncertainties are ±0.25 and ±0.5 subclass for the optical and IR types from this work, respectively, unless noted otherwise. 
Membership in Taurus is indicated by Av ^ 1 and a position above the main sequence for the distance of Taurus ("74v")i strong emission Uncs ("e"), 
Na I and K I strengths intermediate between those of dwarfs and giants ("NaK"), strong Li absorption ("Li"), IR excess emission ("cx"), or the shape of the 
gravity-sensitive steam bands ("H2O"). 

*^Also discovered by Slesnick, Carpenter, & Hillenbrand (in preparation). 
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4" 10" 



Fig. 1. — Spatial distribution of previously known membGrs of the Taurus star-forming region (circles), members from lGuieu et all f20Q3) 
that have been independently discovered in this wo rk (diamonds), and the additional new members from this work (crosse s) sh own with 
a map of extinction ( qraj^seale, iPobaahi_et_alJ|2QQ 3) . The regions pre viously surveyed for brown dwarfs are indicated ( lines. [Bnceno et alJ 
[1998. 2002; Luhman 2000, 2004bt ILuhman et al.ll2003at iGuieu et al. 2006). In this work, the entire area shown (15° X 15°) has been 



searched for brown dwarfs. 
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Fig. 2. — Spatial distributions of st ars ( <M6, circles) and brown dwarfs (>M6, crosses) in the Taurus star-forming region shown with 
a map of extinction ( aravscale. .t)oha,shi et al,.200SV 
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Fig. 3. — Color-magnitude diagram for known members of the Taurus star-forming region constructed from photometry in the 2MASS 
(H, Ks) and USNO-Bl.O (12) catalogs. The known substellar members of Taurus {circles, >M6) have been used to define ranges of 
magnitudes and colors {dashed line) to act as criteria for identifying new candidate brown dwarfs in the 15° X 15° area shown in Figs. [Tl 
and|^ 
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Fig. 4. — Same as Figure|21for J — H versus H — Kg. 



Brown Dwarfs in Taurus 



15 




2 3 4 5 0.5 1 1.5 2 

(I-Kj (dereddened) (I-Z) (dereddened) 



Fig. 5. — Extinction-corrected color-magnitude diagrams for stars with Ay < 8 in the Taurus survey from lLuhmanI 1200(1) . Stars above 
both of the solid boundaries are candidate members of Taurus (triangles) while stars below either of the boundaries are likely to be field 
stars (small points). The seven faintest candidates have been observed spcctroscopically in this work. 
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Fig. 6. — Optical spectra of previously known ineinbers of the Taurus star-forming region (IRAS and CFHT) and new members identified 
in this work (eight digit identifications). The spectra have been corrected for extinction, which is quantified in parentheses by the magnitude 
difference of the reddening between 0.6 and 0.9 fj,m {E(0.6 — 0.9)). The data are displayed at a resolution of 18 A and are normalized at 
7500 A. 
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Fig. 7. — More optical spectra of previously known and new members of Taurus (see Fig. l6l. 




Fig. 8. — More optical spectra of known and new members of Taurus (se e Fig. |SJ and two objects (04324813, 04172478) that may be 
young members of the field rather than Taurus members (see Figs, m and 1101 . 
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Fig. 9. — Ncar-IR spectra of known Taurus ruciubcrs (IRAS and CFHT) and candidate members identified in this work (eight digit 
identifications). Candidates that exhibit evidence of youtli (and hence membership in Taurus) in the form of triangular i?-band continua 
are shown with the known members (left). For the other candidates (right), the shapes of the H-hand continua are dwarf-like (04555897, 
04143306, 04330831, 04474757) or intermediate between dwarfs and Taurus members (04324813, 04172478, 04203904). A spectrum of 
the field L dwarf 2M0345-(-25 is included among the field stars for comparison. The spectra for the young objects on the left have been 
dereddened to the same slope as measured by the ratios of fluxes at 1.32 and 1.68 /um. These data have a resolution oi R = 100 and are 
normalized at 1.68 /im. 
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Fig. 10.— Near-IR spectrum of 2MASS 04172478+1634364 (solid line) compared to data for a field dwarf (2M 0345, LOV) and a late- 
type member of Taurus (KPNO 6, M8.5) (dotted lines). For 2MASS 04172478+1634364, the strength of the FeH absorption at 0.99 /im 
and the shapes of the H- and i4'-band continua are intermediate between those of the field dwarf and the Taurus member, indicating an 
intermediate surface gravity and age. An object not shown here, 2MASS 04324813+2431063, exhibits similar chara<;teristics. These data 
have a resolution of i? = 100 and are normalized at 1.68 /im. 
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Fig. 11. — Optical spectrum of 2MASS 04203904+2355502 {solid line) compared to the spectrum of an LI field dwarf 
(2MASS 1439284+192915, dotted iirte, iMrkpatrick ct al. 1999). 2MASS 04203904+2355502 appears to have a lower surface gravity than 
the dwarf based on its weaker Na I absorption. The data arc displayed at a resolution of 18 A and are normalized at 8250 A. 
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Fig . 12. — Near-IR spectrum of IRAS 04158+2805 (soHd ime) compared to a spectrum of V410 Anon 13 iLuii man. McLeod. GoldensonI 
120051 dotted line ). The spectral type of IRAS 04158+2805 is similar to that of V410 Anon 13 based on the strengths of the steam absorption 
bands. IRAS 04158+2805 is brighter than V410 Anon 13 at both short and long wavelengths, possibly due to excess emission from accretion 
and a circumstellar dust, respectively. The spectrum of V410 Anon 13 has been reddened to match the data for IRAS 04158+2805 at 1.32 
and 1.68 /im. These data have a resolution of R = 100 and are normalized at 1.68 fira. 
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Fig. 13. — J versus J — H for known Taurus members with spectral types of M4-M6 and >M 6 that were recovered (solid circles and 
triangles) and that were missed ( open circles and triangles) by the survey of Gui eu et al.l 120061) . The latter are systematically brighter 
than the former, suggesting that most of them were missed because of saturation. 
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Fig. 14. — Distributions of projected angular distances among members of Taurus. Left: For substellar members of Taurus (>M6, 
bottom), the distribution of distances to the nearest star at <M2 is similar to the distribution of neajrest distances among those stars {top). 
Right: The same result is found when members at M2-M6 are included in the stellar sample. 



